Species that are introduced to novel environments can lose their native pathogens and parasites during the process of introduction. The escape from the negative effects associated with these natural enemies is commonly employed as an explanation for the success and expansion of invasive species, which is termed the enemy release hypothesis (ERH). In this study, nested PCR techniques and microscopy were used to determine the prevalence and intensity (respectively) of Plasmodium spp. and Haemoproteus spp. in introduced house sparrows and native urban birds of central Brazil. Generalized linear mixed models were fitted by Laplace approximation considering a binomial error distribution and logit link function. Location and species were considered as random effects and species categorization (native or non-indigenous) as fixed effects. We found that native birds from Brazil presented significantly higher parasite prevalence in accordance with the ERH. We also compared our data with the literature, and found that house sparrows native to Europe exhibited significantly higher parasite prevalence than introduced house sparrows from Brazil, which also supports the ERH. Therefore, it is possible that house sparrows from Brazil might have experienced a parasitic release during the process of introduction, which might also be related to a demographic release (e.g. release from the negative effects of parasites on host population dynamics).
Introduction
Invasive species are responsible for great ecological and economic impacts and are considered one of the major causes of global biodiversity loss (Wilcove et al. 1998 , Mack et al. 2000 , Sala et al. 2000 , alongside human environmental alteration (e.g. habitat destruction and global warming). This has prompted extensive research into invasion biology in order to understand why some introduced species establish themselves and become widespread, while other species do not (Kolar and Lodge 2001 , Sakai et al. 2001 , Duncan et al. 2003 , Hufbauer and Torchin 2007 .
The enemy release hypothesis (ERH) is frequently summoned as an explanation for the success of introduced species in their non-native range (Torchin et al. 2001 (Torchin et al. , 2003 Mitchell and Power 2003; Torchin and Mitchell 2004; Lafferty et al. 2005) . It postulates that the release from natural coevolved enemies such as parasites, pathogens, predators and competitors is responsible for the success of introduced species. However, Colautti et al. (2004) argued for the need of more critical testing. They suggested, for example, that release from regulatory parasites should have a stronger and therefore substantial effect, when compared with release from compensatory parasites. This is because for the latter there is a time lag, as hosts with costly defences are selected against hosts that re-allocate their limiting resources into other important biological functions (e.g. reproduction and growth), therefore away from costly defences (Colautti et al. 2004) .
Blood parasites are an interesting model to test the ERH since they can be considered regulatory parasites when parasitemia is high enough to eliminate individuals from the population (directly or indirectly). For example, avian malaria was a major cause of native bird species decline in Hawaii (Warner 1968 , van Riper et al. 1986 , therefore manifestation of avian malaria and other haemosporidia can remove weak individuals from wild populations (Valkiūnas 2005) . Blood parasites can also be considered compensatory parasites during chronic infections (i.e. low parasitemia) by reducing hosts' reproduc-*Corresponding author: robalinho.lima@googlemail.com Marcos Robalinho Lima et al. 298 tive output (e.g. Merino et al. 2000 , Marzal et al. 2005 , hence affecting host fitness. In birds, Haemoproteus spp. and Plasmodium spp. have a wide geographic distribution with varying host specificity (Bensch et al. 2000, Ricklefs and Fallon 2002) and modes of transmission (Valkiūnas 2005) and, together with the deleterious effects described above, are an excellent system to study the ERH (Ishtiaq et al. 2006) .
In this study, nested PCR techniques (Hellgren et al. 2004 ) and microscopy were used, respectively, to determine the presence and intensity of Plasmodium spp. and Haemoproteus spp. in introduced house sparrows and native urban birds of central Brazil. Around 50 to 100 house sparrow pairs from Portugal were introduced in Rio de Janeiro (Brazil) between 1902 and 1906 (Sick 1959 , Long 1981 . Subsequent translocations and natural expansions of established populations have spread this species widely, even up to the boundaries of the Brazilian Amazon (Smith 1973 (Smith , 1980 da Silva and Oren 1990; Borges et al. 1996) .
In this study, we test two predictions of the ERH by comparing parasite prevalence among house sparrows and native birds from Brazil, as well as a comparison with European house sparrows. According to the ERH, we predict that the introduced house sparrows in Brazil will have lower prevalence of blood parasites when compared to native birds. A second prediction is that house sparrows in their native range (i.e. Europe) should have higher parasite prevalence when compared to those introduced in Brazil.
Materials and methods
Mist nets were used to capture house sparrows and native birds from three urban localities in central Brazil; Brasília in Distrito Federal (15°44΄S, 47°53΄W), Jataí in Goiás (17°53΄S, 51°43΄W) and Uberlândia in Minas Gerais (18°53΄S, 48°15΄W). The central region of Brazil was once dominated by the Cerrado biome, but due to intensive agriculture in this region it is now highly fragmented (Aquino and Miranda 2008) . Within the urban study sites the vegetation was a mixture of Cerrado flora with plant species typical of Brazilian gardens, which basically consisted of plants from other Brazilian biomes as well as exotic species. The climate of all three localities is similar, with two distinct seasons -cool, dry winters (May to September) and hot, humid summers (October to April). Birds were caught in private gardens, university campuses, public parks and residential areas, between May and July 2007. Mist netting at a single location was not repeated more than twice. In total, 66 house sparrows (23 females and 43 males) and 56 native birds (17 species belonging to 11 families) were sampled. Sampled birds were marked with nail varnish for identification if recaptured.
All methodological procedures that required the handling of birds had the appropriate permits issued by the Brazilian government agency IBAMA license no. 179/2006-CGFAU and 12322-1 and 12322-2.
Blood sampling and microscopy
From each bird, approximately 20 µl of blood was sampled from the brachial vein. Three blood smears were prepared and then air dried, after which the slides were fixed for 3 min in 100% methanol and later stained with Giemsa's stain. The remainder of the blood was stored in 95% ethanol until DNA extraction.
Microscopy was used to measure the intensity of infection, and individuals indentified by microscopy to be infected with blood parasites were used as positive controls for the nested PCR analysis (see below). A. Fecchio examined slides labelled with a randomly assigned number at × 1000 magnification under oil immersion. In total, 100 fields (average of 150 erythrocytes per field) were examined and birds were scored as infected or not infected. Only slides that presented a homogenous distribution of erythrocytes and that were in good condition were analysed. The microscopy of each sample took an average of 20 min. For infected birds, parasite intensity was calculated as the percentage of parasite per 15,000 erythrocytes as suggested by Godfrey et al. (1987) and haematozoa were identified to genera (Plasmodium or Haemoproteus).
Nested PCR analysis
Host and parasite DNA were extracted using conventional phenol-chloroform extraction followed by ethanol precipitation (Sambrook and Russel 2001) . DNA concentration was measured with GeneQuant pro RNA/DNA Calculator (Amersham Pharmacia) and then diluted to 10 ng/µl. DNA quality was checked by electrophoresis by running 5 µl of the diluted DNA solution on 2% agarose gel. All DNA dilutions were similar at approximately 50 ng and no DNA smears were present. Samples of DNA were screened for Plasmodium and Haemoproteus using a modified version of a nested PCR method developed by Hellgren et al. (2004) . A nested PCR uses the product of a preliminary PCR (PCR 1) in a second PCR (PCR 2). This method was chosen because it is significantly better at detecting low-intensity infections (particularly Plasmodium spp.) than a single PCR method . The first set of primers (HaemNF1 and HaemNR3; see Hellgren et al. (2004) for details) used were designed to target conserved regions of the cytochrome b gene of Plasmodium, Haemoproteus and Leucocytozoon parasite mitochondria. In the second PCR, primers (HaemF and HaemR2) were used to amplify only Plasmodium and Haemoproteus mitochondria DNA. All PCR reactions were carried out in PTC-100 Programmable Thermal Controllers (MJ Research, Inc.) at the Microbiology lab at the University of Brasília. PCR reactions for the first PCR were performed in 25 µl reactions containing approximately 50 ng of template DNA, 1 × Promega buffer, 2 mM MgCl 2 , 0.4 mM of dNTP, 1 × PCR buffer, 0.3 µM of each primer and 1.5 units Taq DNA polymerase (Invitrogen). The reactions for the first PCR were denatured at 94°C for 3 min followed by 20 cycles of 94°C for 30 s, primer spe-cific annealing temperature at 50°C for 30 s, 72°C for 35 s and a final elongation step at 72°C for 10 min. For the second PCR, we used one µl of the product of the first PCR, while the remaining reagents remained in the same proportion as the initial PCR. Conditions for PCR 2 were the same as for PCR 1, with the exception that the thermal profile was performed over 35 cycles instead of 20. Amplified PCR 2 products were visualised on 2% agarose gel using ethidium bromide under UV light, and the expected length of the PCR product was approximately 520-bp.
For each DNA sample, PCRs were repeated twice to account for potential variation between screenings in birds with low-intensity infections with one positive control for each PCR. Positive controls consisted of DNA from birds known to be infected through microscopic examination of blood smears. Because of the sensitivity of the nested PCR, we included two negative controls for every 18 DNA samples. For negative controls we used 5 µl of distilled water and DNA from an individual shown to be clear of infection by microscopy and for which repeated PCR screening was consistently negative. Data on parasite prevalence for house sparrows from Europe were obtained from the literature (Peirce 1981 , Navarro et al. 2003 .
Statistical analyses
To investigate if there were any differences in the prevalence of avian malaria between house sparrows (non-indigenous to Brazil) and native birds, generalized linear mixed models (GLMM, "glmer" in R package "lme4") were fitted by Laplace approximation (Bolker et al. 2009 ), considering a binomial error distribution and logit link function. In order to account for non-independence due to capture site and phylogeny, location and species were considered as random effects in the model and species categorization (native or non-indigenous) as a fixed effect. GLMM was used because it allowed us to pool all native bird species, by using individual infection status (infected or not) as the dependent variable, while controlling for sample size difference. Thus, information is not lost due to sample size restriction, since more weight will be given to data with larger sample size (Paterson and Lello 2003, Jovani and Tella 2006) . In addition, GLMM is a powerful method to analyse parasitological data because it allows for the use of data that are not normally distributed, such as presence and absence data (infected or not), while controlling for correlations between measures that occur as a result of grouped observations (Paterson and Lello 2003) . Furthermore, according to Sodhi et al. (2008) , GLMM are more appropriate than independent contrast analysis when categorical variables are included in the analysis, hence species can be used as a random effect to encompass variation among species and therefore control for phylogenetic effects (Bolker et al. 2009 ). Wald tests were used for null hypothesis testing of the fixed effect (Bolker et al. 2009 ). Model assumptions were verified through diagnostic plots of residual distribution and conditional modes of the random effects. Also, estimated model variance was verified for overdispersion. Our model was consistent with mixed model assumptions.
All statistical analyses were performed using R: Version 2.7.2 statistical package (R Development Core Team, 2008). All statistical tests were two-tailed with α = 0.05.
Results

Parasite prevalence
In total, 66 house sparrows and 53 native urban birds from Brazil were screened for haemosporidia using a nested PCRbased method (Table I) . Only 4 (6.1%) of the house sparrows tested positive for infection with Plasmodium/Haemoproteus. In comparison, 18 native birds (34.0%) from seven species representing five families (Coerebidae, Columbidae, Furnariidae, Turdidae and Tyrannidae), tested positive (PCR-based method). Native birds were significantly more likely to be infected with haemosporidia than house sparrows (Table II) . Parasite prevalence varied between locations from 4.2% in Distrito Federal to 8.7% in Minas Gerais within house sparrows, and from 24.0% in Goiás to 46.2% in Distrito Federal within native birds (Table III) .
Intensity of infection
Blood smears from 59 house sparrows and 56 native birds were examined under a microscope and intensity of infection varied widely, ranging from one parasite to 196 parasites per 15,000 erythrocytes. All parasites identified by microscopy were of the genus Haemoproteus; no Plasmodium parasites were visually observed in the 115 birds examined. Microscopy revealed only one infected house sparrow, with an intensity of 12 parasites per 15,000 erythrocytes (<0.001%). For native birds, infection intensities for the three locations were: (x) <0.001% (n = 1; Distrito Federal); (x) <0.001% (n = 3; Goiás); and (x) = 0.005% (n = 5; Minas Gerais). Since we were able to determine infection intensity for only one house sparrow we were unable to conduct comparative analyses relative to native species. Microscopy detected lower prevalence of avian malaria in house sparrows (1.7%) and native birds (16.1%), compared to PCR-based methods: only 34.8% of birds PCR-positive were scored as infected by microscopy. In two cases, native birds with visually detected parasites scored negative by PCR (false negatives), despite checks of DNA quality. This can happen if a mutation in the primer binding region occurs, which means that the primers might not be able to anneal to the DNA, and as a consequence amplification will not occur. It is possible that the DNA extracted from these individuals were of poor quality, even though none of the DNA extracts were fragmented (i.e. no DNA smear was seen on the gel).
Prevalence of blood parasites in house sparrows from Brazil was significantly lower when compared to that for sparrows from countries in Europe (χ 2 = 20.82, df = 2, P<0.01; Fig. 1 ). Data from Europe were obtained from the literature and microscopy was used as the detection method.
Discussion
One of the predictions of the enemy release hypothesis (ERH) is that introduced species should be less affected by natural enemies than their native competitors (Torchin and Mitchell 2004 , Lafferty et al. 2005 , Hufbauer and Torchin 2007 . Our study found that introduced house sparrows in Brazil presented significantly lower prevalence of blood parasites than did native species, in accordance with this prediction. An additional prediction of the ERH is that populations from the native range should present higher parasite prevalence when compared with populations of the introduced range (Torchin et al. 2003 , Lafferty et al. 2005 . Again, our results are consistent with the expected predictions of the postulated hypothesis. Haemosporidia studies from European populations presented significantly higher parasite prevalence when compared to the results of parasite prevalence found in our study. For example, in Western Europe Plasmodium/Haemoproteus prevalence can be as high as 42.9% (Peirce 1981) and in Spain Haemoproteus spp. prevalence was at 43.2% (Navarro et al. 2003) . In our study, parasite prevalence was much lower (PCR -Plasmodium/Haemoproteus = 6.1%; microscopy -Haemoproteus = 1.6%), therefore, house sparrows in Brazil have much lower parasite prevalence when compared to house sparrows in Europe.
One could posit that house sparrows in Brazil have a lower prevalence of blood parasites because of a lack of suitable vectors to complete the parasite's life cycle. However, since native urban bird species were infected with Plasmodium/ Haemoproteus, it appears that suitable vectors occur in the urban localities where the birds were sampled (Valkiūnas et al. 2006 ). Furthermore, not only are suitable vectors present, but ecological requirements or microhabitats of malaria vectors and vector density in the study sites are at a sufficient level to enable successful transmission (Valkiūnas 2005) , since our results show that house sparrows do, at least occasionally, come into contact with vectors.
Studies have shown that in areas where house sparrows have spread naturally or been introduced, such as Russia and North America (respectively), there is an almost complete absence of Haemoproteus (Greiner et al. 1975 , Valkiūnas et al. 2006 . In Russia, other passerines in the study area were highly infected, thus indicating the presence of suitable vectors (Valkiūnas et al. 2006) . In Brazil, Woodworth-Lynas et al. (1989) detected no Haemoproteus in house sparrows (n = 108), while our study confirmed at least one infected bird by microscopy. Conversely, house sparrows infected with Plasmodium have been documented all over the world (Valkiūnas et al. 2006) . Interestingly, Plasmodium appears more prevalent than Haemoproteus in house sparrows from introduced regions such as North America (Plasmodium = 9.4%, Haemoproteus = 0.1%, n = 4070; Greiner et al. 1975) and Central and South America (Plasmodium =12.6%, Haemoproteus was present but data on number of individuals are not shown, n = 119; White et al. 1978) . This could be due to a number of reasons, for example, Plasmodium vectors may be more widespread or Plasmodium parasites are more virulent. Alternatively, Plasmodium can be less host-specific and could be transmitted to several bird species (Valkiūnas 2005) . However, the same can also be said about Haemoproteus and host shifts may simply be common among these blood parasite-host models (Bensch et al. 2000, Ricklefs and Fallon 2002) . Plasmodium seems less prevalent in Brazilian house sparrows than in those from other introduced regions. For example, a prevalence of 3% (n = 108) was found for sparrows in the state of São Paulo (Woodworth-Lynas et al. 1989 ). While we did not sequence the positive PCR samples and we were unable to visually confirm infection in house sparrows, and therefore we were unable to distinguish between Plasmodium and Haemoproteus infections. We can, however, still certify that house sparrows in Brazil are less susceptible to haemosporidian parasites, since we still had a low prevalence when Plasmodium/Haemoproteus is summed together (6.1%). Therefore, it seems that prevalence of haemospordian in house sparrows in Brazil is half of what is found in other introduced localities such as North, Central and South America.
Therefore, house sparrows in Brazil seem to be under parasite release, at least for haemosporidia, which can be an indicative of possible demographic release, since parasites are responsible for a decrease in host population abundance, density and spread (Anderson and May 1978, Lafferty et al. 2005) . Thus, if parasite release is occurring, it might help explain the quick spread of house sparrows in Brazil. For example, Haemoproteus can have severe negative effects on host fitness with considerable effects on the size of post breeding populations of bird hosts (Merino et al. 2000 , Marzal et al. 2005 . Consequently, house sparrows free of Haemoproteus infections in introduced areas will be free of the negative effects that Haemoproteus infections have on host fitness.
The ERH posits that less parasitized individuals are released from the regulatory and compensatory effects of their parasites (Colautti et al. 2004) . This study has shown that avian malaria and other haemosporidia prevalence for the introduced house sparrows in Brazil is significantly lower than for native urban birds of Brazil. Furthermore, the results support another prediction of the ERH, which is that in the introduced range non-indigenous species should present lower parasite prevalence than in the native range. Even though we did not sequence the parasite lineages that were encountered, and therefore cannot deduce the Haemoproteus/Plasmodium spp. lineages, we still tested one of the assumptions of the ERH, that of lower parasite prevalence in the introduced populations (Torchin et al. 2003 , Torchin and Mitchell 2004 , Lafferty et al. 2005 . Also, studies on house sparrow haemospordian parasites usually focuses on resistance to parasite infections and if host expansion contributes to parasite spread (Valkiūnas et al. 2006 , Martin et al. 2007 or are studies on the distribution of haemospordian parasites in different bird communities that happen to sample house sparrows (Greiner et al. 1975 , White et al. 1978 , Peirce 1981 . To the best our knowledge, this is the first time that haemosporidian parasites are used as a model to look at house sparrow parasite release in the tropics. Future studies should focus on the lineages of Haemoproteus/Plasmodium as well as Leucocytozoon found in introduced and native ranges of house sparrows so that other predictions from the ERH, such as decreased parasite richness in the introduced range compared to the native range, can be tested. In addition, sequencing data will also allow to test if introduced house sparrows are accumulating haemosporidia from the local community or if the haemosporidia were brought over during the introduction process of the house sparrow in Brazil.
